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INTRODUCTION 

I n  the  course of t h i s  program, the  progress  of the  work has  been 

pe r iod ica l ly  summarized i n  progress  repor t s ,  t echn ica l  r epor t s ,  and publica- 

t i o n s  i n  the  open l i t e r a t u r e .  A t o t a l  of twenty such r epor t s ,  (1-201, ex- 

c l u s i v e  of biomonthly progress  r epor t s  have been issued.  This f i n a l  r epor t  

w i l l  summarize some of the  more important f indings,  s a l i e n t  f e a t u r e s  of t he  

work and t h e  genera l  concepts t h a t  have been developed, severa l  of which a r e  

f ind ing  increas ing  acceptance and app l i ca t ion  i n  the  f i e l d s  of biology and 

systems science and engineering. More recent ly ,  t he re  a r e  ind ica t ions  t h a t  

they may be use fu l  i n  monitoring and diagnosis ,  and f o r  t he  s p e c i f i c  NASA 

app l i ca t ion  of t h e  search f o r  e x t r a - t e r r e s t i a l  l i f e .  For s p e c i f i c  d e t a i l s ,  

re fe rence  should be made t o  the  o r i g i n a l  r epor t s .  

The cu r ren t  program was an  outgrowth of an earlier NASA program 

headed b y  the  p r inc ipa l  i nves t iga to r  culminating many yea r s  of research on 

problems of b io- regula t ion  which he  began i n  the  1940's i n  s t u d i e s  on space 

s u i t  design and some of i t s  physiological  aspec ts .  Some pe r t inen t  r epor t s  

from the  e a r l i e r  programs a r e  included i n  t h e  bibl iography t o  complete the  

program p i c t u r e  t o  da te .  

I n  add i t ion  t o  these  repor t s ,  a j o i n t  paper of Ehrenberg and Cardon 

with Drs. Bloch and Ostermeyer of Case-Western Reserve Universi ty  i s  being 

revised f o r  submission to t he  Journa l  of Microvascular Research. Another 

paper i s  a l s o  i n  prepara t ion  on the  na tu re  of t he  r e l a t i o n  between i n t r a -  

c e l l u l a r  and e x t r a c e l l u l a r  o s c i l l a t o r s  i n  mammals. 

The las t  r epor t  (271 was f o r  a program on t h e  development of a primate 

s imulator  which made use of our  background on phys io logica l  o s c i l l a t o r s  and 



the electronic competence of our staff. 

A current program in this laboratory is concerned with the develop- 

ment of a general science for all systems, a science of science. The 

generalizations proposed in that program have been found to fit in many 

respects to those fomd in this program. Thus, this similarity is reinfor- 

cing the starting postulate of this program, that the biological system can 

be studied from the same basic tenets and with similar approaches as those 

used for study of physical-chemical-engineering systems, generally. 



Resul t s  and Discussion 

I n  t h e  course of t h i s  program, s tud ie s  have been performed on the  

dynamic a spec t s  of t he  temperature regula t ing  system, the  cardiovascular  

system, the  hormonal system, and the  c e n t r a l  nervous system and behavior. 

One major idea has become t h e  keynote of the  s tud ie s ,  t h a t  homeostatic con- 

t r o l  i n  t h e  b i o l o g i c a l  system o r i g i n a t e s  from dynamic r egu la t ion  i n  which 

t h e  s t a b i l i t y  of non-l inear  chains of near - re laxa t ion  o s c i l l a t o r y  types i s  

mediated near  the  boundary between aper iodic  and pe r iod ic  i n s t a b i l i t y .  The 

b io log ica l  system shows sus ta ined  o r  i n t e r m i t t e n t  opera t ion  of a g r e a t  v a r i e t y  

of o s c i l l a t o r s .  This system may be regarded a s  an i n t r i n s i c a l l y  non-l inear  

uns tab le  system which is  mediated by chemical and e l e c t r i c a l  mechanisms i n t o  

marginal s t a b i l i t y .  The term "homeokinesis" has  been proposed as a replace- 

ment f o r  the  Cannon (Bernard-Sechenov) concept of homeostsgiS t o  i n d i c a t e  the  

dynamic a spec t  of b ioregula t ion .  

The dynamics of the bio-systems has  remained t h e  focus a s  these  s t u d i e s  

sought t o  expla in  temperature r egu la t ion  s t a r t i n g  a t  t h e  l e v e l  of the  micro- 

c i r c u l a t i o n  where the  monitoring of oxygen suppl ies  t o  t i s s u e  and the  govern- 

ing of h e a t  production takes  p l a c e , w e r a l l  con t ro l  and t ransmission charac te r -  

i s t i c s  i n  the  cardiovascular  system, hormonal r egu la t ion  through i n t e r a c t i o n s  

of the  products of the  endocrine system with regulated parameters and blood 

cons t i t uen t s ,  and i n  t h e  behavioral  system f o r  consis tency of o r i e n t i n g  

phys ica l  views of the  dynamics of a complex computer con t ro l  network with 

PScho log ica l  and physiological  overtones.  

L i f e  i t s e l f  has been redefined,  a s  a complex system of sus t a in ing  non- 

l i n e a r  l i m i t  cyc le  o s c i l l a t o r s ,  and a s imilar  system of a lgor i thmic  guiding 

mechanisms, t h a t  is capable of regula t ing  i t s  i n t e r i o r  condi t ions  f o r  a 



considerable  range of ambient environmental condi t ions s o  as t o  permit 

i t s  own s a t i s f a c t o r y  preservative operat ion,  t h a t  i s  capable of seeking out  

i n  the  environment and t r a n s f e r r i n g  and receiving those f luxes  of mass and 

energy t h a t  can b e  i n t e r n a l l y  adapted t o  i t s  own s a t i s f a c t o r y  preserva t ive  

operat ion,  t h a t  i s  capable of performing those  p re se rva t ive  func t ions  f o r  

a reasonably long period of t i m e  commensurate with t h e  ' l i f e '  of i t s  mechan- 

ical-physical-chemical elements (i.e,,  clocks made of p a r t s  t h a t  should 

wear f o r  hundreds of years  t h a t  run f o r  two seconds a r e  not  such systems); 

and t h a t  a r e  capable of r ec rea t ing  t h e i r  own system out  of ma te r i a l  and 

equipment a t  hand. The purpose of t h i s  d e f i n i t i o n  i s  t o  guide the  physical  

search f o r  'explanat ions '  of t he  opera t ion  of t he  b i o l o g i c a l  system; and t o  

br ing  the  physical  s c i e n t i s t  c lo se  t o  a physical  base from which he  can model, 

bu i ld ,  o r  a s ses s  systems t h a t  resemble n a t u r a l l y  l i v i n g  systems by s u i t a b l e  

'opera t iona l '  d e f i n i t i o n s ;  and a c lue  t h a t  ' l i f e '  does not  have t o  be ex- 

plained by only one mechanistic scheme per system, bu t  may involve many 

poss ib le  types of successfu l  operat ion.  

The importance of t he  concept of i n s t a b i l i t y  i n  l i f e  processes f i r s t  

described i n  t h i s  program has been found t o  be  of more general  app l i ca t ion  

t o  a11 systems. l i f e  i t s e l f  i s  an  

a c t i v e  engine process.  However, i t  i s  an  uns tab le  process t h a t  tr ies t o  'burn 

i t s e l f  up'. The a f f e c t  of a l l  of t h e  d e t a i l e d  equipment i s  t o  take the  bas ic -  

a l l y  uns tab le  engine ( the  opposi te  of t he  Arrhenius type r eac t ion  r e l a t i o n )  

I n  t h i s  program i t  has been noted t h a t  

and t o  t h r o t t l e  and choke it. 

explodes a t  a f i n i t e  rate. It i s  the  increased number of a c t i v e  engines t h a t  

keep adding more engines t o  f i r e  t he  system. 

system v iab le .  

Thus the system ' runs  away' and degrades o r  

This i s  what makes the  l i v i n g  

This i s  what make the  l i v i n g  system expand i n t o  i t s  environ- 



onment, regard less  of t he  d i f f i c u l t i e s ,  wi th  an explosive r a t e  constant ,  

u n t i l  some d i s s i p a t i v e  r a t e  s a t u r a t e s  the  process and tu rns  the  r e s u l t  

toward a more pass ive  r e l axa t ion  process.  

Though much of t h e  program has been concerned with the  t h e o r e t i c a l  

t reatment  of such p e r t i n e n t  b i o l o g i c a l  da ta  a s  is  i n  the  l i t e r a t u r e  an 

attempt has  been made t o  develop new da ta  consonant with t h e  developing 

theory.  The experimental  work has been mainly i n  the  f i e l d s  of mammalian 

thermoregulation and on the  chemistry of blood cons t i t uen t s  which appear t o  

be homeokinetically regulated by hormonal and e l e c t r i c a l  mechanisms. Some 

work has a l s o  been done on o v e r a l l  system parameters l i k e  body weight. An 

i n t e r e s t i n g  3-4 day cyc le  has  been found,apparently a water balance cycle,  

and at tempts  have been made t o  determine the  regula t ing  mechanism. 

Further ,  i n  connection with the  work on the  h e a t  production aspec t  

of temperature regula t ion ,  s t u d i e s  have been conducted on the  oxygen supply 

t o  t i s s u e s ,  which takes  p laces  e s s e n t i a l l y  through t h e  supply of red c e l l s  

to  the  c a p i l l a r i e s .  I n  these  s tud ie s  w e  have been fo r tuna te  t o  have had 

the  cooperation and co l l abora t ion  of  Professor  E. H. Bloch of the  Case-Western 

Reserve Medical School. This has been e spec ia l ly  va luable  a s  h i s  labora tory  

contains  the  l a t e s t  equipment f o r  viewing i n  vivo microc i rcu la t ion  prepara- 

t i o n s  and he  and h i s  s t a f f  a r e  among the  most knowledgeable and respected i n  

t h i s  f i e l d .  

I n  y e t  another  a rea ,  t he  temporal p rope r t i e s  of glucose levels i n  

.mammalian blood, w e  were a b l e  t o  do some of t he  work i n  co l l abora t ion  with 

Dr .  Simenhoff of the  J e f f e r s o n  Medical School. Also, d i scuss ions  and experi-  

ments have been conducted a t  the  J o s l i n  Research I n s t i t u t e  of t h e  Harvard 

Medical School. The r e a l i t y  of t h e  o s c i l l a t o r y  na ture  of blood cons t i t uen t s  



i s  f ind ing  wider acceptance as a r e s u l t  of these  s t u d i e s  and co l l abora t ive  

experiments and w e  a r e  confident  t he  concept w i l l  f i n d  p r a c t i c a l  app l i ca t ion  

i n  monitoring and d i agnos t i c  problem areas .  

The discuss ion  of  r e s u l t s  has been divided i n t o  the  major s e c t i o n  

a reas  of thermoregulation, hydrodynamics i n  the  cardiovascular  system, 

dynamic regula t ion  i n  physiological  systems, hormonal regula t ion ,  and behavior. 

A sec t ion  i s  a l s o  included on the  use of the  concepts i n  the  s p e c t r a l  ana lyzer  

approach t o  ana lys i s  of l i v i n g  systems. 

Thermoregulation 

These s tud ie s  have been concerned with fu r the r ing  a phenomenological 

desc r ip t ion  of temperature regula t ion  i n  mammals. The u l t ima te  goa l  has 

been t o  develop a theory and a model of  h e a t  r egu la t ion  t h a t  i s  both phys ica l ly  

and phys io logica l ly  sound. I n i t i a l  observat ions ind ica ted  t h a t  the  core  

temperature i s  regulated a t  some va lue  near  37OC and t h a t  a depth survey 

through the  body would show a uniform temperature over most of t he  core,  

with a l i n e a r  r ise near  t h e  surface.  The source of  hea t  energy must be an 

equiva len t  ox ida t ion  of food. 

production, the  metabolic rate, changes only moderately although the  ex te rna l  

Further  observat ions show t h a t  the  average hea t  

temperature i s  changed a t  a given a c t i v i t y  l eve l .  Regulating c h a r a c t e r i s t i c s  

a r e  shown here,  bu t  t h e  metabolic r a t e  changes considerably with a c t i v i t y  

level. 

Any sur face  temperature of t he  body is  regulated i n  a 30-36OC range, 

unless  the  hea t  is not  ava i l ab le ,  i n  which case vasocons t r i c t ion  would c u t  

o f f  an  area t o  conserve hea t .  This pe r iphe ra l  vasocons t r i c t ion  i s  respon- 

s i b l e  f o r  the  apparent  drop of mean sur face  temperature with lowered ambient 

temperature. Experimental s tud ie s  va l ida t ed  these  ideas  and c l e a r l y  showed 



t h a t  a t  any ambient temperature, most su r f ace  temperatures a r e  crowded 

i n t o  the  30-36OC band, wi th  30°C being the  lower l i m i t  of sur face  regula- 

t i on .  

pe ra tu re  drops below the  r egu la t ion  band. This r e s u l t s  i n  two sur face  

temperatures: 

However, very d i s t a l  zones show temperatures below ambient. 

A t  low ambient temperatures, t h e r e  are su r face  zones where t h e  tem- 

t he  30-36OC regula t ion  band and a near  ambient temperature. 

For hea t  production t o  be adapted t o  work-demand requi res  an engine- 

type conversion of t he  hea t  of combustion. 

shown experimentally by demonstrating a series of high frequency and longer- 

dura t ion  o s c i l l a t o r y  cycles .  These cycles  cons i s t  of  t he  following f r e -  

quencies: 120, 400, 1500, 4500, and 12000 seconds. The two-minute cycle  

i s  an engine cyc le  f o r  h e a t  production l i k e l y  mediated by t h e  oxygen supply 

and the  red c e l l  flow i n  t h e  c a p i l l a r i e s ;  t he  seven-minute cycle  i s  hormon- 

a l l y  mediated, a r i s i n g  from the  hypothalamus and re leased  i n t o  the  blood 

via the  hypothalamic-pi tui tary l i n k ;  the  20-minute cycle  i s  gas s to rage  

i n  the  t i s s u e  (GO ); t he  60-minute cyc le  i s  not  known and the  3-hour cyc le  

r e s u l t s  from hea t  s to rage  i n  the  body i n  a temperature regulated system. 

Such an engine cycle  has been 

2 

Simi lar  cycles  have been found i n  the  guinea pig with no s i ze - sca l ing  

l a w .  The engine-cycle frequency i s  independent of animal s i z e .  

Addit ional  guinea p ig  s tud ie s  were c a r r i e d  out  t o  determine t h e  t e m -  

pera ture  c h a r a c t e r i s t i c s  i n  a motor system (hind leg)  by measuring temper- 

a t u r e  d i f f e rences  i n  an  a r t e r y  and a vein.  The r e s u l t a n t  da ta  ind ica t ed  t h a t  

t h e  hind-limb motor system does no t  se rve  as a hea t  con t r ibu to r  t o  the  over- 

a l l  system. The cutaneous blood flow funct ions pr imar i ly  a s  a hea t  d i s s i p a t o r  

s ince  the  cutaneous venous r e t u r n  was lower i n  temperature . than the  hind 

limb main mixed venous r e t u r n  as w e l l  a s  t he  deep musculature mixed venous 



r e t u r n  was s i g n i f i c a n t l y  h igher  i n  temperature than e i t h e r  t he  cutaneous 

mixed venous r e t u r n  and only s l i g h t l y  h igher  than the  main hind limb mixed 

venous re turn .  This seems t o  i n d i c a t e  t h a t  t h e  muscles func t ion  a s  a l o c a l  

h e a t  suppl ie r .  I n t e r e s t i n g l y  enough, though, the  o s c i l l a t o r y  na ture  of t he  

temperature cycles  was c l e a r l y  observed with frequencies  of 3-5 ,  30,  60, 

100-200, and 350-400 seconds. 

a degree. 

The amplitudes va r i ed  by only a few t en ths  of 

An o v e r a l l  view of  temperature r egu la t ion  mechanisms has been proposed 

by Tbera l l  i n  ( 19). Observations i n  mammalian muscle has  shown t h a t  t he  

microc i rcu la t ion  i s  responsive t o  changes i n  temperature and exerc ise ,  t h a t  

" t i s s u e  i s  blanched up t o  25-27OC; 

i n  the  range of 28-35OC; and t h e r e  i s  a s u b s t a n t i a l  i nc rease  i n  v a s c u l a r i t y  

i n  t h e  range of 35-38OC". It would the re fo re  appear t h a t  l o c a l  r egu la t ion  

i n  sk in  temperature, which had been shown t o  occur a t  about 3OoC, l i k e l y  

i s  due t o  changes i n  l o c a l  v a s c u l a r i t y  which occurs around t h i s  temperature. 

Histamine is  suggested a s  a most l i k e l y  hormone mediator of t h i s  change i n  

vascu la r i ty .  

a t u r e  found i n  a warm ambient environment i s  explained a s  being due t o  a 

s h i f t  of f l u i d  outward which thereby r a i s e s  t h e  temperature of t he  ex te rna l  

l aye r s  while lowering t h e  hypothalamus temperature. I n  the  cold,  t h e r e  i s  a 

s h i f t  of f l u i d  c e n t r a l l y  which r e s u l t s  i n  a s l i g h t l y  r a i sed  hypothalamus 

temperature. Metabolic level i n  a homeotherm depends only on a c t i v i t y .  

I n  the  cold the re  i s  a small rise i n  metabolic a c t i v i t y  which i s  l i k e l y  due 

t o  an  e x t r a  metabolic burden assoc ia ted  with increased blood flows c e n t r a l l y .  

a f r a c t i o n  of t h e  c a p i l l a r i e s  are open 

A hypothalamus temperature lower than  the  genera l  body temper- 

S imi la r ly ,  i n  t h e  warm t h e r e  i s  ex t r a  metabolic loads due t o  increased flows 

pe r iphe ra l ly  (and a l s o  t h e  r a t e  of ox ida t ion  should go up somewhat with rises 

i n  temperature). The d i f f e rences  reported i n  day-night temperatures a r e  a l s o  



presumed due t o  changes i n  a c t i v i t y  level.  

The temperature s e n s i t i v i t y  of the  vascular  system i s  f u r t h e r  

seen a s  a poss ib l e  mechanism f o r  an  active t i s s u e  t o  ob ta in  increased 

blood flow a s  needed. Increase  i n  t i s s u e  a c t i v i t y  r e s u l t s  i n  a h igher  

l o c a l  temperature which opens the vascu la tu re  t o  h ighe r  blood flow rates. 

These temperature rises t ransmi t ted  t o  t h e  hypothalamus c a l l s  f o r t h  a more 

general ized increased blood flow, though l i k e l y  i n  a slower t i m e  domain, 

l i k e l y  the  7 minute cyc le  process.  

The in t roduct ion  of  t he  concept of l o c a l  temperature s e n s i t i v i t y  

of t h e  vascular  system thus appears promising f o r  explaining some aspec ts  

of  hea t  production r egu la t ion  and temperature r egu la t ion  and should be 

s tudied fu r the r .  

The f l u i d  flow con t ro l  i s  thus appearent ly  a f a c t o r  i n  temperature 

r egu la t ion  a t  t h e  f a s t e r  1-2 minute and seven minute cycles .  

on t o  poin t  out  t h a t  t h e  3-4 day cyc le  i n  body weight i s  a f u r t h e r  cor- 

The paper goes 

r e c t i o n  of t h e s e . f a s t  cycles  as w e l l  as of a d iu rna l  water balance cycle.  

It i s  f u r t h e r  noted t h a t  serum flow i s  l i k e l y  independent of red c e l l  flow, 

the  former being used t o  a considerable  ex ten t  f o r  h e a t  t r a n s f e r  and the  

l a t t e r  f o r  oxygen supply. 

flow a t  s eve ra l  t i m e  domains lends weight t o  one of our  phi losophic  comments 

on l i v i n g  material - t h a t  such ma te r i a l  i s  e f f e c t i v e l y  a mechanism for 

organizing water, s t r u c t u r a l l y  and func t iona l ly .  

This spectrum of regula t ing  processes  of water 

Cardiovascular S gs t e m  

The dynamics of the cardiovascular  system have been developed prog- 

r e s s i v e l y  beginning with t h e  "windkessel" model and advancing through t rans-  

mission theory i n  arteries t o  an a n a l y s i s  of t he  a r te r ia l  system based on 



its anatomical characteristics. 

First, a quantitative analysis for coordinated pressure and flow 

data at the entrance to the aor$a and at the venous return to the heart 

was presented for the "windkessel" model. 

pulsatile transmission characteristics throughout the arterial system, 

essentially distributed L-C characteristics, are to be reconciled with over- 

The problem was posed'as to how 

damped source characteristics, i.e., lumped R-C characteristics. Although 

a one dimensional transmission line theory cannot provide sufficient damping, 

the experimental pressure and flow characteristics in the arterial system 

seem to suggest that attenuation in the system must be appreciable and 

the reflections from terminations and branches somewhat indifferent. The 

theories and quantitative derivations are supported by an extensive biblio- 

graphic survey of the literature on the dynamics of cardiovascular pressure 

and flow systems. 

The modelling was continued by considering the propagation of a 

slightly decoupled pressure and flow wave at the inlet downstream into the 

arterial system. In the aortic tree, the pulse shape shows little difference. 

The changes appear to be in the arterial branches after leaving the aortic 

tree. The pulse of flow, transformed by the windkessel into a pulse of 

pressure, is propagated down the aorta to the end of the arterial line, 

Because of damping that occurs, strong resonances are not expected in the 

short flow pulse in the aortic tree. 

When the aortic valves close, the high frequency longitudinal oscilla- 

tion appears at the upstream and of the aorta as a damped notch in pressure 

and overshoot in flow, This high frequency pulse is dampened in the aortic 

tree. 
The source characteristic of the aorta is basically a near triangular 



pressure wave with a t i m e  delay and a dampened notch with f u r t h e r  pro- 

gress ion  down the  a o r t i c  t r e e .  I f  such a source c h a r a c t e r i s t i c  i s  appl ied 

f o r  a l a rge  number of branches, then the  system c h a r a c t e r i s t i c s  may be 

understood. The flow c h a r a c t e r i s t i c  i s  a highly dampened negat ive pulse  

of flow with a zero flow a f t e r  the  f i r s t  negative pulse .  Thus, the  flow 

re se rvo i r  f o r  a l l  t he  branches pas t  va lve  closing i s  the  e l a s t i c  s torage  

i n  t h e  a o r t a ,  and the re  i s  no e s s e n t i a l  damping i n  the  a o r t i c  system. 

damping resides i n  t h e  many a r t e r i a l  branches. 

dynamic transmission l i n e  theory. 

The 

This may b e  shown by hydro- 

A model of t he  a r t e r i a l  system has been developed which considers  t he  

l a r g e r  a r t e r i e s  a s  tapered,porous tubes.  Considering the  l a rge  numbers of 

branches from each a r t e r y ,  t h i s  model i s  a good approximation of the  r e a l  

physical  a r t e r y .  Using t h i s  model, i t  has been shown t h a t  t he  r e f l e c t i o n s  

back i n t o  the  a r t e r y  from the  ind iv idua l  small a r t e r i a l  b i fu rca t ions  

e f f e c t i v e l y  average out  and t h e  c h a r a c t e r i s t i c  pressure pulse form i s  s a t i s -  

f a c t o r i l y  accounted fo r .  The model has been taken up by the  o the r  i n v e s t i -  

ga to r s  and modified a s  t o  d e t a i l s  though no s i g n i f i c a n t  improvements have 

been made i n  it. 

A comparison has a l s o  been made of t h e  t h r e e  major previous models of 

t ransmission l i n e  c h a r a c t e r i s t i c s  i n  tubes ( the  Witzig (1914) and Womersly 

(1957) analyses  had been done with a r t e r i e s  i n  mind; 

worked on e l a s t i c  and non-e las t ic  tubes genera l ly) .  Essen t i a l ly ,  a l l  t h e  

models were i n  agreement though Witzig was the  most complete and prec ise .  

This program however, was the  only one t o  attempt a model of the  r e a l  a r t e r i a l  

system. I n  f a c t ,  t he  s o l u t i o n  f o r  a r t e r i a l  t ransmission developed i n  (4 )  i s  

l i k e l y  t h e  f i r s t  complete systems ana lys i s  i n  mathematical-physical terms 

f o r  any b i o l o g i c a l  system. 

I b e r a l l  (1950) had 

(There e x i s t s  o the r  physical  analyses  of ind iv idua l  



a c t i o n s  i n  var ious  b io log ica l  systems, and var ious  d e s c r i p t i v e  models of 

system events ,  bu t  no o the r  q u a n t i t a t i v e  models. 

complete a n a l y s i s  t h a t  w e  a r e  f a m i l i a r  with i s  van de r  Po l ' s  1929 ana lys i s  

The hea r tbea t  considered a s  a r e l axa t ion  o s c i l l a t i o n ,  and an electrical  

The only o the r  somewhat 

1 1  

model of the heart".  E f f o r t s  have been made, s ince  G r d i m s '  1954 paper 

t o  model v e n t i l a t i o n  dynamics. However, t h e  models are not  y e t  isomorphic. 

Prel iminary e f f o r t s  have a l s o  been made by Danziger and Elmergreen ,  and 

Yates and Urquhart t o  model some endocrine dynamic cycles .  

such e f f o r t s  of mathematical physical  modelling, t he re  i s  of course the  

magnificent s t r u c t u r a l l y  d e s c r i p t i v e  t h e o r e t i c a l  modelling i n  molecular 

biology).  

I n  add i t ion  t o  

A s  a r e s u l t  of t h i s  type of analyses ,  t h e  next  s t e p  was t o  l a y  out  

da t a  around the  a o r t i c  tree and from i t s  a r t e r i a l  branches f o r  both pressure  

and flow. I n  order  t o  do this,  i t  became apparent t h a t  another problem was 

present ,  namely how can the  branch condi t ions  be appl ied  i n  a systematic  

way as t o  completely desc r ibe  the  a r t e r i a l  system, 

physical ,  mean geometr ical  model of t he  a r t e r i a l  tree. 

blem was t r e a t e d  a s  an  equiva len t  d i s t r i b u t e d  system. 

was developed. A level i s  regarded a s  a tube with i t s  branches u n t i l  it 

b i f u r c a t e s  i n t o  equal tubes.  

l i t e r a t u r e ,  together  with t h e  concept of levels, t a b l e s  were constructed 

One way"is t o  devise  a 

This branching pro- 

A concept of levels 

Then a new l e v e l  begins.  Using da ta  from the  

i n  which t h e  a r t e r i a l  tree geometry and r e s i s t a n c e  were estimated f o r  t he  

a o r t a ,  i t s  branches, etc. down t o  c a p i l l a r y  level. The der ived t a b l e  of 

a r t e r i a l  parameters was shown t o  be  cons i s t en t ,  i n  i t s  geometric proper t ies ,  

with the  DC r e s i s t a n c e  c h a r a c t e r i s t i c s  of the  a r t e r i a l  bed and with the  

i n t e r n a l  volume a v a i l a b l e  t o  the  blood. 

system, as der ived i n  these  s tud ie s ,  has  been appl ied  t o  the  development of 

t ransmission dynamics of p u l s a t i l e  (AC) flow. 

The i n t e r n a l  geometry of the  a r t e r i a l  

(10) (13) 



Data have been assembled t o  show t h a t  t h e  homeostatic r egu la t ion  of 

t h e  normal card iovascular  system i n  quiescent  opera t ion  seems t o  be a t  a 

cons tan t  mechanical power level. Deviations from normal i n  t h i s  system * 

appears t o  be  a func t ion  of increased requirements f o r  h igher  power levels. 

The modelling has f u r t h e r  developed a treatment of t he  p re s su re  pulse  

as a t r a n s i e n t  phenomena. 

t o  account f o r  t h e  c h a r a c t e r i s t i c s  of t he  a r t e r i a l  pu lse  i t  i s  not  t h e  

real-,life s i t u a t i o n  s i n c e  i t  i s  known t h a t  every hea r tbea t  i s  e s s e n t i a l l y  

an independent ac t ion ;  t h a t  t h e  pulse  passes through t h e  system and t h e  system 

e s s e n t i a l l y  comes t o  rest before  the next  hea r tbea t .  

While the  s teady  s t a t e  a n a l y s i s  was adequate 

Using t h e  geometr ical  model of t h e  a r t e r i a l  system developed by I b e r a l l ,  

Young ( I 4 )  has shown t h e  p r a c t i c a l i t y  of formulating t h e  t ransmission problem 

wi th  respec t  t o  t r a n s i e n t s  i n  t h e  t i m e  domain and uniformly with respec t  

t o  "frequency" o r  pu lse  width wi th in  t h e  domain of l e n e a r i t y  assumptions 

of Witzig, I b e r a l l ,  and Womersly. The t r a n s i e n t  a n a l y s i s  has been appl ied  

t o  a whole c l a s s  of systems embracing i n  p r i n c i p l e  t h e  normal range of mam- 

malian a r t e r i a l  systems, which helped t o  c l a r i f y  t h e  meaning of "equivalence" 

among t h e  va r ious  models mentioned. 

wave d i s t o r t i o n s  seen i n  a r t e r i a l  t r e e s  and t h e  b a s i c  geometry of t h e  trees 

has  been t raced .  

harmonic a n a l y s i s  has  been shown. 

The causa l  r e l a t i o n s  between f a m i l i a r  

The r e l a t i o n  of t r a n s i e n t  a n a l y s i s  of f l u i d  l i n e s  t o  

The a n a l y s i s  considered small a r t e r i e s  apprec iab ly  below 3 mm, 

represented by d r iv ing  po in t  impedances which a r e  i d e n t i c a l  t o  a simple 

r e s i s t i v e - c a p a c i t i v e  network. Up t o  3 mm s i z e  t h e r e  i s  a hybrid l i n e  impe- 

dance and an equat ion  showing t h e  e f f e c t  of t h i s  on t h e  d r iv ing  po in t  impe- 

dance was developed. 

due t o  mismatching between l i n e  impedance and te rmina l  impedance. 

a r t e r i e s  l a r g e r  than  5 mm appear e s s e n t i a l l y  inductive-capactive.  

Immediately above t h e  3 nnn s i z e ,  t he re  i s  a n  e f f e c t  

F ina l ly ,  



While the re  has been d iscuss ion  on methods f o r  applying these  

models t o  p r a c t i c a l  monitoring and c l i n i c a l  work, t h e r e  has  been no oppor- 

t u n i t y  t o  ca r ry  t h i s  i n t o  p r a c t i c e  though w e  a r e  c e r t a i n  t h i s  can and w i l l  

happen. 

Dynamic Regulation i n  Physiologic  Systems 

This phase of the  s tudy cons is ted  of s eve ra l  p a r t s  each of which 

was a s epa ra t e  inves t iga t ion .  The s t u d i e s  performed i n  t h i s  a r e a  consis ted 

of experimental  study of the  t i m e  dependancy of t he  c i r c u l a t i n g  blood 

sugar concentrat ions,  the  oxygen-carbon dioxide system a s  determined 

i n  t h e  c i r c u l a t i n g  blood, the dynamics of the  microc i rcu la t ion ,  dynamic 

r egu la t ion  of body weight. 

I n  the  blood sugar  study, it had been suggested t h a t  t h e  blood con- 

s t i t u e n t  concentrat ion would e x h i b i t  o s c i l l a t o r y  cycles  with a f a s t  cycle  

determined c e n t r a l l y  by the  i n t e r a c t i o n  of pancrea t ic  i n s u l i n  and hepa t i c  

glucose.  

cycles .  

a r t e r y  and femoral vein,  it was found t h a t  osci l la t ions occur i n  blood sugar  

concentrat ion with a frequency spectrum of 1-2,  6-7, 20-40, and 80 minutes. 

The amplitudes of t hese  o s c i l l a t i o n s  va r i ed  inverse ly  with frequency so  t h a t  

the  h ighes t  f requencies  had t h e  smal les t  amplitudes and the  low frequency cyc les  

had the  l a r g e s t .  

g lucose r egu la t ion  and con t ro l  where t h e  high frequency cyc les  a r e  i n t r i n s i c  o r  

l o c a l  mechanisms and t h e  low frequencies  are superimposed c e n t r a l  regula tory  mech- 

anisms. These r e s u l t s  were discussed i n  r e l a t i o n  t o  t h e  s t u d i e s  reported i n  

the  l i t e r a t u r e .  It was found t h a t  a l though such o s c i l l a t i o n s  had been seen 

before  i n  many cases  they were no t  recognized. It was then pos tu la ted  t h a t  

Blood glucose would be  a f f e c t e d  i n  the  lower frequency blood flow 

Using w e t  chemistry analyses  of blood from the  guinea pig femoral 

These c y c l i c a l  o s c i l l a t o r y  p a t t e r n s  may conta in  the  key t o  



these  cyc les  represent  d i f f e r e n t  s t ages  of regula t ion ,  e.g., a 30-second 

cyc le  ( reported by Anderson e t  a l ,  1956) may be  t h e  l o c a l  regula tory  mech- 

anism f o r  sugar  input ;  

pe r iphe ra l  r egu la t ion  of  removal of blood sugar;  and t h e  80 minute cyc le  

may be a r e f l e c t i o n  of a blood flow cyc le  not n e c e s s a r i l y  connected t o  sugar 

regula t ion .  

t he  2 and 7 minute cycles  represent  l o c a l  and 

Also, i t  i s  l i k e l y  t h a t  i n s u l i n  i s  s i m i l a r l y  e laborated i n  a 

p u l s a t i l e  manner with frequencies  not  un l ike  those of blood sugar.  

We have repeated t h i s  work i n  co l l abora t ion  with D r .  Simenhoff of 

t h e  Je f f e r son  Medical School (20). There were two ob jec t ives  i n  these  ex- 

periments, t o  demonstrate t he  high frequency o s c i l l a t i o n s  and t o  show how 

automated a n a l y t i c a l  instrumentat ion can be appl ied t o  high frequency s tud ie s .  

The reason f o r  t h i s  was t h a t  some inves t iga tb r s  have taken i s s u e  with our 

r e s u l t s  and those of Anderson though the  much e a r l i e r  paper by Hansen (1923) 

had c l e a r l y  shown a seven minute cyc le  i n  an  ex tens ive  c a r e f u l l y  cont ro l led  

study. Since completing t h i s  program w e  have run a s e r i e s  of glucose de t e r -  

minations a t  the  J o s l i n  Research I n s t i t u t e  and have aga in  been a b l e  t o  demon- 

s t r a t e  a 40 second cyc le  a s  w e l l  a s  i n d i c a t e  the  1-2 minute cycle .  

I n  the  Je f f e r son  experiments i t  seemed c l e a r  t h a t  casua l  use of auto- 

mated instrumentat ion may tend t o  even out  t he  rap id  v a r i a t i o n s .  I n  t h e  

J o s l i n  study, w e  have learned t h a t  the  sampling technique i s  ve ry  important 

and may be misleading. Thus, i f  l a r g e  samples are taken too rap id ly ,  t he  

cycles  a r e  reduced i n  amplitude. A normal flow and small samples appear 

t o  be  e s s e n t i a l  f o r  exposing the  cycles .  

A f t e r  completing t h e  J o s l i n  experiments, a d i scuss ion  with D r .  Cah i l l ,  

ch ie f  of t he  J o s l i n  Research I n s t i t u t e ,  brought f o r t h  the  comment from him 

t h a t  i n  t h e  l i g h t  of t h e  l a r g e  amplitude blood glucose cycles  (and ind ica t ions  

of s imi l a r  i n s u l i n  cyc les  i n  o the r  J o s l i n  experiments), a l l  t h e  modelling of 



glucose r egu la t ion  done he re to fo re  i n  t h e i r  i n s t i t u t e  and elsewhere i s  

l i k e l y  worthless.  'Where i s  a l l  t h e  glucose coming from' he  asked. 

pointed out t h a t  such l a r g e  s c a l e  amplitude would r equ i r e  a process analygous 

We 

t o  t h e  h e a r t  pumping a c t i o n  f o r  blood pressure.  However, it is  c l e a r  t h a t  

t h e  dynamics exposed i n  t h i s  blood cons t i t uen t  will l i k e l y  r equ i r e  a com- 

p l e t e  r ev i s ion  i n  regula tory  concepts. (It should b e  noted t h a t  Hansen i n  

1923, commenting on t h e  seven minute cyc le  i n  blood glucose which she found, 

suggested t h a t  t h i s  cyc le  was undoubtedly t h e  mechanism by which t h e  blood 

glucose i s  regulated.) 

The vascu la r  oxygen-carbon dioxide concent ra t ions  were s tud ied  because 

of t h e i r  r o l e s  i n  hea t  production and metabol ic  balance. P a r t i a l  pressures 

of O2 and C02 were determined i n  guinea pig and r a b b i t  blood obtained from 

t h e  femoral a r t e r y  and ve in .  Since anes thes i a  i n t e r f e r e s  with normal 

rhythmicity,  a f t e r  implantion of e l ec t rodes ,  d a t a  were recorded from unanes- 

t he t i zed  animals. These showed d i s t i n c t  o s c i l l a t o r y  cyc les  i n  both a r t e r i a l  

and venous p0 a r t e r i a l  p02 cycles  frequencies of 30-60, 

100-200, 400-500, and 1000 seconds; venous PO showed cyc les  of 30-60, 150-300 

seconds; venous a r t e r i a l  pC0 exhib i ted  s i m i l a r  cyc les  of 1-2,  6-8, 30-60, and 

100 minutes. 

and pC02 as fo l lows:  2 

2 

2 

I n  t h e  oxygen system, an  inve r se  r e l a t i o n s h i p  ex i s t ed  between 

frequency and amplitude, b u t  i n  t h e  CO 

frequency t o  amplitude was absent .  

system, t h e  inve r se  r e l a t i o n s h i p  of 2 

These r e s u l t s  were discussed i n  r e l a t i o n  

t o  the  l i t e r a t u r e  i n  t h r e e  sec t ions  dea l ing  with v e n t i l a t i o n ,  t r anspor t ,  

and t i s s u e  systems. 

The search  f o r  a mechanism t o  exp la in  t h e  2 minute cyc le  l ed  t o  the  

i n v e s t i g a t i o n  of t h e  mic roc i r cu la t ion  where t h e  na tu re  of t he  flow dynamics 

was s tudied .  

concent ra t ion  i n  small vessels are d i f f i c u l t ,  t h e  rate of red blood c e l l  could 

be done simply. The RBC's are r e a d i l y  observed i n  t h e i r  passage through small 

Since dynamic measurements on t o t a l  blood flow o r  t o t a l  oxygen 



vessels and s ince  they are t h e  main oxygen carriers,  the  rate o f  blood flow 

would be a n  ind ica t ion  of t he  rate of oxygen flow. A series of counts were 

done on t h e  exposed mesentery. 

per  second t o  momentary per iods of zero flow. 

The flow rates va r i ed  from over  500 ce l l s  

Although c y c l i c  red blood 

flow was demonstrated, ob jec t ions  were r a i s e d  t o  t h e  use of a mesentery. 

Hence a technique w a s  devised t o  observe a n  active, working muscle prepara- 

t ion .  For t h i s  purpose a window was placed i n  t h e  s k i n  of t h e  guinea p ig ' s  

hind l e g  t o  observe t h e  quadriceps muscle i n  s i t u .  

ies (ca. 15 IJI diameter) was s tudied .  The RBC flow was slower than  a r t e r i o l a r  

Here t h e  flow i n  c a p i l l a r -  

flow and the  apparent  RBC f low-ra te  was from 1 t o  28 ce l l s  pe r  second, with 

an average of 10 cells pe r  second. The flow appeared t o  b e  c y c l i c  with f r e -  

quencies of 10-15, 30-60, 100-140, and 300 seconds. An inve r se  r e l a t i o n s h i p  

ex i s t ed  between cyc le  frequency and amplitude. 

Another series of experiments have been run i n  co l labora t ion  with Drs. 

Bloch and Ostermeyer of Case-Western Reserve Medical School, using an Alg i r e  

chamber i n  t h e  back s k i n  of a mouse. A t e l e v i s i o n  pickup of t h e  microscopic 

image was used t o  expose t h e  microc i rcu la t ion  and the  red c e l l s  flowing i n  a 

c a p i l l a r y  were counted v i s u a l l y  o r  by examination of  high speed movies. 

t i a l l y ,  t h e  same frequencies  were observed. 

hypoxia, t h e  counting was a l s o  done on animals brea th ing  reduced concentrat ions 

of oxygen i n  n i t rogen .  The o s c i l l a t o r y  flow p a t t e r n s  p e r s i s t  down t o  brea th ing  

concentrat ions of  8% oxygen a t  which level the  p a t t e r n s  change t o  reduced varia- 

t i o n s  and mean flows. A t  s t i l l  lower concentrat ion,  4.5 t o  5% oxygen, t h e  

animals d ie .  

down sharply as w e l l ) .  

f o r  t he  s tudy o f  o t h e r  kinds of  d i s turbances  t o  t h e  system, chemical, physical ,  

o r  e l e c t r i c a l .  

Essen- 

I n  o rde r  t o  tes t  t h e  e f f e c t s  of 

Thus, i t  appears t h a t  t h e  r egu la t ion  ceases  a t  8% ( a c t i v i t y  goes 

This  technique l i k e l y  would be  very use fu l  as w e l l  



An i n t e r e s t i n g  poin t  i s  t h a t  t h e  cycles  found i n  red blood flow i n  

s k e l e t a l  muscle vessels correspond t o  s imilar  cyc les  previously observed 

i n  temperature, v e n t i l a t i o n  r a t e ,  blood sugar,  and carbon dioxide concentra- 

t ions. 

The dynamic r egu la t ion  of body weight seems t o  be a mani fes ta t ion  of 

a water balance process.  The 3-day weight cycle  represents  a water balance 

process regulated by hormonal a c t i v i t y .  

t i o n  i n  a group of vo lunteers  showed a c l e a r  p e r i o d i c i t y  with cyc les  of 3 . 5  

days and amplitudes of 0.5 eo 2.75 pounds p e r  cycle.  There i s  a l s o  some in -  

d i c a t i o n  t h a t  a 10-12 day cyc le  may e x i s t .  

A three-month s tudy of weight v a r i a -  

A t t e m p t s  were made t o  determine the  mechanism f o r  t he  t h r e e  day cycle  

on the  assumption t h a t  a long a c t i n g  hormone was responsible .  Since the  thy- 

ro id  hormone has a time constant  of t he  order  of days (as cont ras ted  with 

adrenal ine,  f o r  example, which a c t s  i n  seconds with a decay time of about a 

minute, and has accordingly been suggested as  a mediator of t he  1-2 minute 

cycle) ,  i t  was proposed t h a t  t h i s  hormone mediates t h e  water balance.  However, 

preliminary experiments i n  which the  thyro id  was removed from guinea pigs  d id  

not  r e s u l t  i n  loss of the  th ree  day cycle  i n  these  animals. Other long t i m e  

constant  hormones should be s tudied.  

Hormonal Dynamics 

A s  a forerunner  and an in t roduc t ion  t o  an experimental  program, an 

ex tens ive  review of the  endocrine l i t e r a t u r e  was conducted t o  cha rac t e r i ze  

the  hormones, o u t l i n e  t h e i r  chemical p rope r t i e s ,  summarize t h e i r  b io log ica l  

ac t ion ,  and g ive  some idea of t h e  cu r ren t ly  accepted mechanisms of t h e i r  

a c t i v i t y ,  

hormone ac t ion :  

I n  the o v e r a l l  view, two b a s i c  mechanisms have been suggested f o r  



I. 

11. 

A hormone-enzyme reac t ion  i n  which the  hormones react with 
an enzyme i n  a ra te  determining s t e p  of  a biochemical chain.  
The r e s u l t a n t  outcome i s  t h a t  t h e  end-product of the cha in  
i s  a f f ec t ed .  

The hormones react with b a r r i e r s  t o  material t r anspor t  i n  
and out  of cel ls  t o  promote o r  i n h i b i t  t r anspor t ,  thereby 
changing t h e  flow of r eac t ing  ma te r i a l s .  

P r i o r  t o  s t a r t i n g  t h e  experimental  phase of t h e  program, the  b a s i c  

proposal was made t h a t  t h e  a c t i o n  of hormones should sweep across  the  harmonic 

o s c i l l a t o r s  and show t h e i r  t r a n s i e n t  presence. The f i r s t  experimental  

ob jec t ive ,  then, was t o  choose hormone a c t i o n s  which would appear i n  a s h o r t  

t i m e ,  from a few seconds t o  a few hours.  Within t h i s  t i m e  domain, two 

o s c i l l a t o r s  were used as  ind ica to r s ,  namely t h e  h e a r t  r a t e  and v e n t i l a t i o n  

rate.  Using a dog t o  study hormone ac t ions ,  t he  following hormones were 

used i n  the  experimental  procedure: ad rena l in ,  i n s u l i n ,  hydrocortisone, 

vasopressin,  ACTH, parathyroid,  thyroxin,  and ace ty lchol ine .  

Of these  hormones, only ad rena l in  and ace ty l cho l ine  showed no t i ceab le  

e f f e c t s .  Acetylchol ine produced an immediate response, t h e  animal vomited 

and exhib i ted  marked phys ica l  dis turbances.  

e f f e c t s  s e t  in ,  v e n t i l a t i o n  and h e a r t  r a t e  re turned  t o  normal. S imi la r ly ,  

with adrena l in ,  though t h e r e  were no obvious system upsets ,  when da ta  tak ing  

was resumed a f t e r  adminis t ra t ion  of t h e  hormone, t h e  h e a r t  ra te  returned t o  

normal from an  e leva ted  s ta te .  

By the  t i m e  recovery from these  

The o t h e r  t e s t  substances showed no e f f e c t  on h e a r t  r a t e  and v e n t i l a -  

t i o n  e i t h e r  because t h e i r  a c t i o n  was ou t s ide  of  t he  t i m e  range, o r  they were 

s p e c i f i c  f o r  e f f e c t s  o the r  than  those monitored, o r  t h e  dosages given were 

inadequate . 
Although only two o s c i l l a t o r s  were used i n  t h e  hormone study, a whole 

series of o s c i l l a t i o n s  may be pos tu la ted .  

resul t  of o the r  experimental  s t u d i e s  i n  t h i s  program. 

Some have been determined as  a 

Thus, t h e  s a l i e n t  



i n d i c a t o r  spectrum t h a t  i s  a v a i l a b l e  i n  a complex b i o l o g i c a l  system may b e  

l i s t e d  as  follows: 

nerve cyc le  

h e a r t  b e a t  

r e s p i r a t i o n  ra te  

h e a t  production engine cyc le  

blood flow 

in te rmedia te  hormone cyc le  

gas  exchange 

thermal cyc le  

food-voiding cyc le  

d iu rna l  cyc le  

water cyc le  

es t rous- lunar  cyc le  

seasonal  cyc le  

0.1 secondlcycle 

1.0 second/cycle 

4 0 seconds /cyc le  

2 minuteslcycle  

7 minutes/cycle 

2-20 minuteslcycle  

30 minuteslcycle  

3 hours/cycle  

4-8 hours/cycle  

2 4  hours/cycle  

3 dayslcycle  

28 days/cycle 

1 yea r l cyc le  

The major ideas  t h a t  have been proposed f o r  hormone s tudy are :  

Cor re l a t e  t h e  t i m e s  of a c t i o n  of t he  hormones with t h e  t i m e  domain 

of t h e  o s c i l l a t o r  processes .  E i t h e r  type of hormone i n t e r a c t i o n ,  biochemical 

chain o r  membrane e f f e c t s ,  occurr ing a t  same rap id  l o c a l l y  determined t i m e  

scale, i s  s u f f i c i e n t  to  produce phenomenological t r a n s p o r t  c o e f f i c i e n t s  on 

t h e  macroscopic f i e l d  scale. One might expect hormones t o  mediate b i o l o g i c a l  

f i e l d  p rope r t i e s  by as many types of t r anspor t  c h a r a c t e r i s t i c s  as w e  are  

phys ica l ly  f a m i l i a r  with.  This would have t o  include such p rope r t i e s  as l i n e a r  

coupling c o e f f i c i e n t s  (i.e., l i n e a r  dependence on concent ra t ion  o r  o t h e r  

p o t e n t i a l s ) ,  degradat ion of energy (analogous t o  t h e  d i s s i p a t i o n  func t ion  i n  

hydrodynamics), non-l inear  th resholds ,  non-l inear  f reez ing  out  of degrees of 

freedom, and non-l inear  l i m i t  cyc les .  Thus t h e  phys ica l  approach t o  the  

homones proposed i s  t h e  c o r r e l a t i o n  of t h e i r  phenomenological a c t i o n  with 

t h e i r  phenomenological t i m e  s c a l e s .  This c o r r e l a t i o n  enhances the  p o s s i b i l i t y  

of a s soc ia t ing  meaningful bio-chemical chains .  One can proceed along a path 



of d i scuss ion  t h a t  i s  independent of molecular biology, a process  s imi l a r  

t o  t h e  one of c l a s s i c a l  physics  avoiding molecular physics except a t  t h e  

s t a t i s t i c a l  mechanics in t e r f ace .  

Some i l l u s t r a t i o n s  are the  following. W e  have pos tu la ted  a major 

h e a t  production con t ro l  a c t i o n  t o  adrena l ine  a t  t he  100 second t i m e  sca le .  

This neg lec t s  another ,  much f a s t e r ,  t i m e  s c a l e  of adrena l ine  involvement 

i n  o the r  t i s s u e s .  Vasopressin appears t o  b e  involved i n  a rap id  t i m e  s c a l e  

a f f e c t i n g  blood pressure.  I n s u l i n  may be  assoc ia ted  with two d i f f e r e n t  t i m e  

scales, a high frequency 30 second involvement with sugar inputs  i n t o  the  

blood from s to rage  and a longer  involvement i n  the  range of hours a s  a res- 

ponse t o  l a r g e  s c a l e  input  d i s turbances  of glucose i n t o  t h e  system. ACTH i s  

probably involved i n  a range of minutes i n  o v e r a l l  c e n t r a l  chemical regula t ion ,  

l i k e l y  under nervous con t ro l  through t h e  l i n k  of  hypothalamus t o  the  p i t u i t a r y .  

A cur ren t  key concept i n  endocrinology, more genera l ly ,  i s  t h a t  the  p i t u i t a r y  

i s  t h e  master hormone r egu la t ing  gland, and t h a t  t he  hypothalamus-pi tui tary 

l i n k  i s  the  main e l e c t r i c a l  t o  hormonal connection. Thyroid a c t i o n  seems t o  

be i n  the  domain of days. Growth and sex hormones have s imi la r  o r  even longer  

t i m e  domains. I n  the  a c t i o n  of t he  sex hormones one can see the  t y p i c a l  na tu re  

of a r e l axa t ion  o s c i l l a t o r  process  a t  t he  base  of t he  non-l inear  l i m i t  cyc le  

opera t ion  i n  which t h e  t iming phase i s  q u i t e  c l e a r l y  determined by a growth 

rate. 

Thus, t h e  work reported under t h e  preceding s e c t i o n  on dynamic regula- 

t i o n  i n  physiologic  systems, can be  seen t o  be  t h e  experimental  counterpar t  

t o  t h e  t h e o r e t i c a l  dialogue c a r r i e d  ou t  i n  t h i s  s e c t i o n  on hormonal dynamics. 

Organizat ion of Behavior 

A model of  behavior  has  been developed through a n  evolu t ionary  process 



A very p r imi t ive  phys ica l  view was developed i n  which the  governing char- 

a c t e r i s t i c s  were out l ined  a s  a nervous system communications net :  t he  hypoth- 

alamus was pos tu la ted  t o  a c t  a s  a switchboard with a temporary algori thm (code 

book) under c o r t i c a l  con t ro l ;  a cor tex  ac t ing  under a s e l f - adap t ive  algori thm 

t o  con t ro l  t he  hypothalamus; a hormonal chemical communications system l inked 

t o  the  hypothalamus through t h e  p i t u i t a r y ;  the  neura l  system capable of being 

acted upon a t  sensory sources by chemical product, o r  along i t s  path by 

chemical product, and i n t e r a c t i n g  by producing a chain of chemical product 

along i t s  length;  and a cor tex  capable of i n t e r n a l  communications and exam- 

ina t ion .  I n  t h i s  ana lys i s ,  a Freudian frame of re ference  was sought f o r  the  

development of t h i s  model. The ex is tence  and dynamics of the  unconscious, 

the  c i r c u l a t i n g  memory, repression,  t he  v a l i d i t y  of t h e  methods of f r e e  

a s soc ia t ion  and dream ana lys i s ,  a scheme of i n t e r n a l  e x c i t a t i o n  a s  developed 

i n  the  p r inc ip l e s  of hedonism, a proposed e t io logy  of neuroses a l l  s e e m  con- 

s i s t e n t  with a communications computer-controlled network system involving 

l a r g e  s i g n a l  amplitude, non-l inear  element c h a r a c t e r i s t i c s .  It i s  poss ib l e  

t h a t  the  system involves dual  governing complexes - a weak, i l l - d e f i n e d ,  

b u i l t - i n  system t h a t  governs e a r l y  behavior,  and a second adapt ive  con t ro l  

system t h a t  grows t o  matur i ty  before  the  age of 8-10 years .  A c h a r a c t e r i s t i c  

mode of behavior of t h i s  system i s  synchrony i n  which a guided behavior com- 

p lex  locks i n t o  s t ep  with ex te rna l  e n t i t i e s ,  persons o r  ideas .  Behavior may 

be  modelled around the  pr imi t ive  s i g n a l s  afforded by t h e  phys io logica l ly  

governed o s c i l l a t o r s ,  and t h i s  i s  l a r g e l y  devoted t o  t h e  preserva t ion  and 

maintenance of t he  metabolic reac t ion .  The phys io logica l  system i s  founded 

on a series of  elements. Common t o  a l l  i n t e r n a l  systems i s  t h a t  t h e i r  ac t ions  

a r e  organized i n t o  uns tab le  closed chains  of a biochemical-mechanical-electrical  

na ture  involving the  so l id s ,  l i qu ids ,  and gases  of t he  body. They usua l ly  end 



a s  s t a b l e  non-l inear  l i m i t  cycles  passing through t r a n s i e n t  s tages  a s  t he  

organism i s  a f f ec t ed  by changing cont ingencies  i n  the  e x t e r n a l  mil ieu.  The 

c o l l e c t i o n  of these chains  forms an ex tens ive  system of non-l inear  o s c i l l a -  

t o r s  whose a c t i o n  i s  cont ro l led  by i n h i b i t i o n .  This c o l l e c t i o n  of o s c i l l a t o r s  

represents  l i f e .  

t o r s  a r e  modulated i s  known as  "homeokinesis". 

The scheme of r egu la t ion  and con t ro l  by which these  o s c i l l a -  

What makes these  chains  run a r e  c a t a l y t i c  r eac t ions  c a l l e d  "enzyme- 

hormone" l i n k s .  The spectrum of these  chains i s  not continuous, bu t  ins tead  

i s  a l imi ted  t i m e  f r a c t u r i n g  o r  time locking through which processes tend t o  

form around and be  cooperat ively involved. Not a l l  spec ies  use the  same 

chains,  o r  even the  same t i m e  s ca l e s ,  bu t  the  dens i ty  and d i s t r i b u t i o n  of 

number of  chains  i s  s imi la r .  These chains  are mediated through the  nervous 

system otherwise t h e i r  predominant l i n e a r l y  uns tab le  c h a r a c t e r i s t i c s  would 

show up. The nervous system mediates between information received a s  sensory 

input  and the  unstable  motor and g landular  systems. The r e s u l t a n t  i s  a con- 

t r o l l e d  synchronizat ion i n  which most systems a r e  inh ib i t ed  (regulated)  t o  a 

l imi ted  o s c i l l a t o r y  range; o the r s  a r e  re leased  from i n h i b i t i o n  t o  go i n t o  o r b i t .  

System motion proceeds by the  scheduling of these  o r b i t s  i n  t i m e  a s  a series of 

pos tu ra l  elements of the  body a s  a whole enfolding i t s  r e p e r t o i r e  of behavior 

moment by moment. The c h a r a c t e r i s t i c  schedules enfolding a s  p a t t e r n s  i n  res- 

ponse t o  e x c i t a t i o n  make up the  behavior of  the  animal. 

A b a s i c  biochemical i n t e rven t ion  regarded as an a l e r t i v e  r eac t ion  i s  

furnished by noradrenal ine which o u t l i n e s  the  a c t i v e  nervous system paths  a s  

they conduct information. 

producing tonus t o  t h e  system. 

i n  muscle tremor; i t s  neura l  involvement i s  shown by disappearance of t he  

v i b r a t i o n  upon a barrage of motor nerve impulses .  

This leakage f l u x  provides the  microchemical change- 

A concomitant chemo-electric a c t i o n  i s  shown 

Nervous output  o u t l i n e s  the  



system with adrena l in  a t  the  tenth-second level. The r e t i c u l a r  core  furn ishes  

d i s c r e t e  informative s i g n a l s  t o  the  r e s t  of the  nervous system i n  the  0.1-0.3 

second range t h a t  suppl ies  t h e  sus ta ined  grouping s igna l .  The adrena ls  fu r -  

n i s h  l a r g e  s c a l e  regular iz ing  s i g n a l s  throughout t h e  blood system a t  t he  2- 

minute level (considering a number of d i s t r i b u t e d  lags  makes it e f f e c t i v e  

a t  the  4-minute l eve l ) .  The hypothalamus then provides fol lower a c t i o n  a t  

the  7-minute level. A meaningful hypothesis  would be t h a t  s igna l s  from a l l  

sources run up and down the  r e t i c u l a r  core,  which conta ins  the  p o t e n t i a l  

command system, t o  commit t he  organism a s  a whole. The b a s a l  gangl ia  may be 

regarded a s  the  h ighes t  cen te r  f o r  programmed a c t s ,  i.e., a storehouse f o r  

rou t ine  ac t ions .  

ru l e s  ( ac t ion  analogues). 

The b a s a l  gangl ia  a c t  a s  a deductive system. They have the  

They a r e  presented with a case under a p a r t i c u l a r  

r u l e  and they p resc r ibe  t h e  corresponding motor ac t ion .  

The r e t i c u l a r  core  a s s igns  the  r o l e  of induct ion t o  the  cortex.  I f  

the  input  p a t t e r n  i s  not a case t h a t  i s  f i t t e d  by the  s tandard analogue 

pa t t e rns  immediately a v a i l a b l e  from the  basa l  gangl ia ,  t he  case i s  then re- 

f e r r ed  quickly t o  the  co r t ex  (within 0.1 sec.) .  

analogue memory of many pas t  cases .  

it' guesses a t  a l a w .  

motor s ide ,  the  cor tex  i s  o f t e n  no longer involved and the  s o l u t i o n  analogue 

The c o r t i c a l  memory i s  an 

Presented with ex te rna l  pa t te rned  f a c t s ,  

The cor tex  takes  h a b i t s  and once these  a r e  set up on the  

may be  t r ans fe r r ed  o r  formed with the  b a s a l  gangl ia .  

A s i g n i f i c a n t  element i n  the  organiza t ion  of behavior i s  the  use of 

cues. 

a r i t u a l i z e d  f i l l  of behavior,  a r i t u a l  being a pa t te rned  response which i s  

s tereotyped.  

bu t  must seek t o  r e l e a s e  i t  by r e l eas ing  the  i n h i b i t i o n  on some motor response 

system s o  as t o  u n s t a b i l i z e  i n t o  o r b i t a l  ac t ion .  

I n  case of a temporally o r  s p a t i a l l y  cued input ,  the  animal w i l l  develop 

An  animal cannot maintain und,ischarged nervous e x c i t a t i o n  energy, 

The s t e ro types  of behavior 



a r e  learned o r  may ar ise  from gene t i c  unfolding. 

Non-linear r u l e  of behavior i s  t h a t  a non-cor t ica l  rou t ine  of p a t t e r n s  

must be a r r ived  a t  t h a t  f i t s  the  cue space with small i n t e g r a l  cyc le  numbers. 

Then th ings  come o f f  on t i m e  and the  system i s  not  i n  sus ta ined  stress? Reg- 
, 

u la r i zed  p a t t e r n  groupings of i n t e r n a l  and ex te rna l  o s c i l l a t o r s  occur. These 

p a t t e r n s  a r e  experiences out  of which o r b i t s  gradual ly  shorten,  become smoother 

and more prac t iced  t o  form a more determinate p a t t e r n  o r  o r b i t a l  paths  t h a t  

make up the  l i f e  postures .  The system locks i n t o  a more permanent p a t t e r n  t o  

form a focal. imperative and thereby does not d r i f t  a imless ly .  The animal, man 

i n  t h i s  case, s e l e c t s  a c e n t r a l  theme around which h i s  behavior develops. The 

choice of h i s  l i f e ' s  foca l  p a t t e r n  f i t s  h i s  ego idea l ,  o r  r a t h e r  becomes p a r t  

of h i s  changing ego idea l .  

Man seems t o  have a physiological  endowment f o r  knowing h i s  i n t e r n a l  

as w e l l  a s  ex te rna l  states. There seems t o  e x i s t  d e f i n i t e  poles of behavior 

t h a t  must be  s a t i s f i e d  and o the r  t h a t  l i k e l y  have t o  be  s a t i s f i e d .  Thus 

boundary condi t ions can be spec i f i ed  from which p a t t e r n s  of behavior emerge. 

These p a t t e r n s  can be descr ibed f o r  l imi ted  per iods of t i m e  (seconds,minutes, 

e t c .  t o  months). Outside of t he  ques t ion  of compactness, systems could be 

b u i l t  t h a t  behave i n  t h a t  pa t t e rns  could be e s t ab l i shed  f o r  the  middle t i m e  

range. It could be made t o  funct ion,  t o  do things,  t o  become anxiously un- 

s t ab le ,  and t o  become euphor ica l ly  s t a b l e  enough t o  p e r s i s t  i n  i t s  o r b i t s  

u n t i l  t i m e  domains become es t ab l i shed  f o r  each of the  system funct ions.  

Applicat ion of Dynamics t o  the  Spec t r a l  Analysis of t he  Mammal 

I n  the  l a s t  year  of t h i s  program, an at tempt  has  been made t o  apply 

t h e  r e s u l t s  of t he  dynamic analyses  of b io log ica l  systems t o  p r a c t i c a l  problems 

of monitoring and c l i n i c a l  diagnosis .  

normal i n  the  s t a t e  an  animal (or human) would be r e f l e c t e d  i n  a l t e r a t i o n s  of 

The premise has  been t h a t  change from 



t h e  pa t t e rns  (frequency o r  amplitudes) of o s c i l l a t o r s  assoc ia ted  with im-  

por tan t  body processes.  

f e s s ion  f o r  a long t i m e  and t h e  h e a r t  r a t e ,  r e s p i r a t i o n  r a t e ,  b r a i n  waves, 

etc., have been used f o r  t he  de t ec t ion  of pathology. Most recent ly ,  the  

d iu rna l  temperature cyc les  have been used f o r  monitoring treatment of  s u r -  

f ace  and subsurface tumors. The purpose here  was t o  provide f o r  t h e  g r e a t e r  

in-depth examination using many more o s c i l l a t o r s  with more thoroughness. 

This of course,  has been known t o  the  medical pro- 

The main e f f o r t  has been concentrated on obta in ing  background in fo r -  

mation and developing s u i t a b l e  techniques f o r  studying the  temporal charac te r -  

i s t i c s  of blood cons t i t uen t s .  Bypasses have been placed i n  a r t e r i e s  and ve ins  

of guinea p igs  and r a t s .  Windows through t h e  sk in  have been used t o  observe 

l i v i n g  t i s s u e  i n  unanesthesized, minimally r e s t r a ined  animals. The o v e r a l l  

ob jec t ive  i s  to be a b l e  t o  separa te  and analyze t h e  blood cons t i t uen t s  rap id ly ,  

i f  poss ib le ,  by physical  means. 

Some success has  been achieved i n  the  use of s i l a s t i c  tubing f o r  by- 

passes though the  flow has only been maintained f o r  s h o r t  per iods,  up t o  a 

few days. The flow gene ra l ly  becomes impeded by white c e l l s  and p l a t e l e t s  

and f i n a l l y  s tops  completely. There i s  some hope t h a t  recent  work on the  

na tu re  of t he  process by which t h e  stoppage occurs may lead t o  newer techniques 

t h a t  w i l l  permit continuous flow. Then i t  w i l l  be  poss ib l e  t o  take up the  

problem of sepa ra t ion  and ana lys i s .  

Meanwhile, t h e  work on l e v e l s  of blood glucose,  l a c t i c  ac id ,  etc., 

have contr ibuted t o  our o v e r a l l  knowledge on the  na tu re  of t i m e  dependent 

c h a r a c t e r i s t i c s  of t hese  cons t i t uen t s  i n  the  blood and t h e  a n a l y t i c a l  tech- 

niques which may be a v a i l a b l e  f o r  ana lys i s .  

e l ec t rodes  can be used now. Likely e l ec t rodes  can be developed f o r  o the r  

cons t i t uen t s .  Observation of t he  microc i rcu la t ion  i s  poss ib le  now f o r  animal 

The oxygen and carbon dioxide 



o the r  than  man. Much important information can l i k e l y  be  obtained now from 

appropr ia te  su r face  temperature measurements (as i s  being done i n  thermography 

connected with cancer d e t e c t i o n  and t reatment;  i n  t h i s  f i e l d ,  more could be 

done wi th  v a r i a t i o n s  i n  temperature than i s  being done with simple use ,of  

t h e  mean temperature changes). 

W e  d id  begin some prel iminary experiments with Dr. Simenhoff of  

J e f f e r son  Medical School on t h e  na tu re  of blood glucose level p a t t e r n s  i n  

sub jec t s  with known metabol ic  d i seases ,  Addisons d i sease ,  Acromegaly, etc.  

Prel iminary r e s u l t s  from a few sub jec t s  suggest t he  p a t t e r n s  are a l t e r e d  

though i t  i s  f a r  too  e a r l y  t o  draw any conclusions.  
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